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Curves for Estimating the Wave Drag of some Bodies of
Revolution, Based on Uxeoct and Approximate Theoxiss

by
L. E. Fraenkel

SurMARY

Curves are presentad for estimating the wave drag, at zero incidence,
of forebcdles and afterbodies having straight and parabolic profiles. The
afterbodises ere assuned to lie behind an infinitoely long oylindrical body.
The ourves aro bascd on a Jimited number of exact and second=order svlutions
which have been generalised by appealing to the supersonic-hyporsonic
oslmilarity lew and to slonder body and quasi-oylinder solutiona.
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1 Introduction

In Ref. 1 ths quasi=-cylinder and glender body i'.l‘xev:n‘:i.esz’3 wore uaed
to est=blish a reversibility theorem and to introduce the sancept of the
interference effeot of a forsbody on an afterbody. For e body consisting
of a forebody, a oylindrical mid-portion, and an afterbody, the drag was
congidered to he tha sum of three components:®

(1) The forebody drag.

(11) The prinoipal aftorbody drag, which is the drag that the
afterbody could have if it wers situated behind an infinitely
long parallel portion.

(1i1) Che interferemo. drag due to the offuct of the forebody on
the afterhodr.

The forebody dreg end prinecipal afterbody drag were equal for shapes
whioh are the reverse of one another, and the interference drag proved to
be merely the integral ovcr ths alterbody of the pressures whioh would
exist on the parallel portion if it were extendod into the region of the
’ aftﬁzbod.y.

These concepts and both tha approximate theories were then applisd
to calculate the drag of bodies with pointed or truncated forebodies snd
aftorbodies, of straight or parasbolic profile. Fowsver the resulting
ourves are not wholly satisfaotory from the viewpoint of the airoraft
designer because thoy aro limitod to bodies of mmall profile slope and
%0 fairly low suparsonic Mach numhers, and in regions where the approxi-
mations bogin to diffor the designer must decide which of the two theorics
is nearer to the truth.

This nots i=s an atteumpt to provide curves of forcbody drag and )
prinoipal afterbody dreg which can be ussd for bodies of mcderate profile
slope and for fairly high supersonio Mach numbors, and wiich sliminate
the need for choosing one of the two approximations. (No new values of
interferénce drag are provided because no systematic exaot solutions of
this problen have boccme available; however, this drag 1s often amall
and tho approximate values of Ref. 1 may prove ndequefie for mogt purposeoa).
The new ourves are easentially basod on a limitod numbor of axact and
second~order rsésults which have boen generaliged by plotting tnem accord-
ing to the supursonic=hyporsonic similerity lewl:? and by extending them
on the besis of comparison vith the guasi~oyiinder and slender body theories.
The simdlarity law oan be stated in a number of equivelent wayss the one
considered most convenient and uged here is that, for todies of s:unilei
profile and differunt thiclmess ratios (K/¢), the parameter Gp (¢/R)
ig a fmotion only of R{M2-1/6, The mathemetionl derivation of this
lew rosts on en assumption of emall profile slope for both the supersonio
and lypersoniv cases, but chedks of the law with oxaot numcrical rosults
(Ref. & and the work bolow) indicate that if the dreg of bodies with
maximun slopes up to 0.4 ie plottcd according to tho law the maximum
deviation from a nwun curve is about 5ib.

* It is wassumed both in Ref. 1 and hore that tho flow i1z undisturbed
ahcad of an opon-nose body, i.o. that thoru is no 'spillage'.
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A1l the results given here tond to fail as M » 1; a possible
eriterion for their applicability iz that ths flow must be superscnic
evorywhera in the field shoad of the bare. This oan genersily be
Investigated by using oblique or cone ghock tables to see whether the
noge ghock is attached and the Tlow behind it supsrsonioc.

No attempt is made hera to allow for the effects of boundary layers,
whioh are known tc have a considersble wifuvov on the pressure distribution
of efterbodies. -

2 The basis of the generalised eurves

2.1 Coniloal forebodieg

Fig. 1 shows a co:{parison on the basis of the gimilarity law of
exaot! end approximatel valuss of the drag of a number of cones.” The
regions where the curves for 6 = 12.5° and 20° depart apprecisbly from
the others corrospsnd to subsonic flow along the cone surface, The
ourve for e 12.5° in Fig. 1, faired into the slonder body ourve for
small Rm/L, wag chosen as the unique curve for all conce &s &
bagis for extending the ccne results to open-nose bodies.

The first sbep of this extension was to choose one of the approxi-

mate theories as the prefersble one for each valiue of RlJM2-1/&, where
& is the laigth of & truncabed body so that Ry/8 is a measura of slope

only in conjunction with tho area ratio. 8,/8;. For RlJLE’-’_ «1£ = 0.05,
.16, 0.15, 0.20, 0.30 the slender body theory was taken, for _131-[32-1/& =

0.6, 0.8, 1.0 the quasi-oylindor theory was taken, and for Rl‘-’Ie[z-ﬂﬂ = Cuk
e mean of the iwo was taken. The exact results for cones were then intro-
duced by the following rather arbitrary assumption: that for constant
Rgﬁg‘r:l/b the percentage difference batween 'exagt' vaiuos and those given
by the chosen approxiwmate theory decreases linsarly with the area ratio
So/81 as this varies from 0 to 1. Thus if Y is the 'exact’ value of
op(e/R)2, y is 1ts avproximate value, and x i1s 8/8;, then ¥ is

- defined by .o

- 3 = e
Ry V)R-
§.=1+!§> O--lJll-x, '—Lz-—lscgns‘taﬁt.
£l h -

‘Ths results of this prooedure are ghown in Fig. 5.

» There is of course no justification for applying the quasiwaylinder
theoxry to pointed bodlos but this was done here becaume at tho highor

Mach nubers thy guasl-gylirndcr theory gives a leas erroneous indication

of the variatlon of drag with Mach number than doss the slonder body thecry.
This tendency, which secms to pereist for all the bodies conaldered hera,
may be partly expleined ws follows: the quasi-cylinder theory uses the

complete solution of the linvarised equation, Kgg.\/?-@-l pr) in the
notation of Hefs. 1, 2 or 3, although it only satisfiaes the boundary
zondition at a mean radius; on the othar hand the zlender bedy thoory

only usea the first two terms of I(o( M2-1 pr)} oxpanded in ascending
powars of its argument. : ’
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2.2 Pargbolig forsbodies

The procedure for obtainii g the drag of pointed and open-ncse para-
bolioc forebodies wes ldentical wlth tnat oublined for oconioal bodies.
Ths difference in local radius end slope between & oircular arc gnd,‘g.
parabolio proiile with the same overall dimensions is O] (Ry~R,) /¢7]
and this difference was congidered to be negligible to the crder of
accuracy oif the present work. (Strictly only ths parabola gives gsometri-
oally 'similar! bodiss when the thickness ratio is varied). The assumed
unigue curve for pointed parabolic forebodics (Fig. 2) is based upon the
oareful charaoteristics ocalculations of Ross for ciroular arc ogives.
The results for open=nose parebolic forebodiss, obtained as above; are
given in Fig. 6.

2.3 Conical afterbodies

The raswlis for the principal drag of conlcal afterbodies arc based
on & number of caloulations made with Van Dyke's second-order theory8:
for these the author is indebted to H. K. Zienkiewicz of the Inglizh
Eleoctric Co., Ltd. The drag coofficients hore have been multiplied by
a faotor Cpl (exa.ot)/cpl (second~oxder), where Cpl is the pressure

coefficient immediately behind the initial corner; +whisg factor was slways
between 1.06 and 1,00 and appeared to improve correlation on the basis of

the similarity lew. Fig. 3 shows this corrclation and the curves assumed
unique for each area ratio; the-final results are cross=-plotied in Fig. 7.

2.4 Parabolic afterbodies

The results for parabolioc afterbodies were based on a seriss of
characteristics ocolculations, performed et the requeat of the R.A.E. by
the Computing Section-of the Mathematical Divigion, NFL, wunder the
supervision of Dr, L. Fox. Theae reaults arc shown in Fig. 4; the
curves assumed wnique for each arca ratio arc those for the body with a
bagic thickness ratio of 0.141, extended to higher Mach numbers by
extrapolating tham parallsl to the quasiecgylinder seiution. Tho final
results are oross-plotted in Fig. 8.

2 Conclusions .

The results for aftorbodies end pointod forcbodies are cloarly on
firmer ground as solutions of the invisocid flow problem then those for
open-noge forebodies bucause of thc assumption mode in tho latter cose
about the variction of drng with area ratioc, In faot whercas the results
for afterbodies and pointed forebodies are prosented hero with some confi-
dence, those for open~noso forcbodies arc only intended as a tentative
guide to ensble designers to mako rapid ostimntes of drag which will not
be altogether unreasonsble. -

On the other hand the offect of bowndnxy loyer upon tho prossurs
digbribution ond vave drag is in goneral apprecicble only for aftoerbodios:
this effect is usually favourable.

It has been soon thut the similarity low 'collapses' exnot results
remorkobly well; it should be noted, however, that when o ocurve ropresent=-
ing somo typicol thickness ratio is assumcd to be uniquo, it clvnys over—
oatimotes slightly the dreg of thicker bodics and undorestimntes slightly
the dreg of more slender ones. Allowonos for this offoot, if deaired,
con be mpde by referring to Figs. 1 to L. .

-5~
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NOT{&.TIO},' ‘
Op wave Grag coeffioient based on maximum oross-seotional area
& length of a trunoateci forebody or aftorbody
L lengih of a pointed forebody or afterbody
M free stream Mach number )
R radlus -
'8 oross-gection az-'ea.

(), station of minimum cross-sectional area

(), station of maximum oross~seotional area
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